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Abstract 
A fuel cell is a promising element for saving energy by utilizing waste heat for hot water supply. When assessing the influences of fuel cells in 
a real world, however, the question is how many fuel cells will be diffused in a region because there are many unpredictable factors, such as 
national energy policies and consumers’ lifestyles. This paper takes a scenario approach to analyzing the environmental impact caused by the 
diffusion of fuel cells under different social situations. A case study describes three scenarios for estimating the diffusion of solid oxide fuel 
cells (SOFC) for apartment buildings in 2030, in which conjoint analysis is undertaken for quantifying consumers’ preferences. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In response to the increasing pressure on nuclear power 
across the world after the Fukushima nuclear power plant 
accident in Japan in 2011, much attention is paid to 
decentralized energy sources, such as solar power and fuel 
cells, for designing residential energy systems. As “designing 
a sustainable future” is an emerging research issue in the LCE 
community [1], the design of residential energy systems needs 
to be addressed especially for energy-efficient and low-carbon 
societies. A fuel cell cogeneration system is promising for 
enhancing energy savings by utilizing waste heat from the fuel 
cell. Although many researchers evaluated the environmental 
performances of decentralized energy systems [2][3] and the 
future diffusion of clean technologies [4], methodologies for 
analyzing the diffusion of decentralized energy systems in the 
residential sector have not been developed enough. 
When one attempts to forecast the future diffusion of such 
decentralized energy systems, there are difficulties stemming 
from many unpredictable factors, e.g., national energy policies, 
consumers’ lifestyles, and global economic situations. To 
tackle with these difficulties, this paper takes a scenario 
approach to analyzing the diffusion of decentralized energy 
systems in the residential sector, in which we take fuel cell 
cogeneration systems as a prime example. Based on the 
scenarios, we aim to analyze the regional influences due to the 
diffusion of fuel cells from the viewpoint of CO2 emissions as 
a representative indicator of environmental impacts. 
For describing scenarios, we employ three models – (i) the 
residential energy system evaluation model [5] to evaluate 
various types of systems from economic and environmental 
viewpoints, (ii) the product diffusion model [6] to estimate the 
diffusion of decentralized energy systems under different 
social situations, and (iii) the aggregator to evaluate regional 
environmental influences by the diffusion. To calculate the 
diffusion using the model (ii), we carry out a questionnaire for 
quantifying consumers’ preferences based on conjoint analysis 
[7]. In this paper, we assume that economic costs and CO2
emissions are the criteria for consumers to choose the systems. 
As a case study, several scenarios are described for 
analyzing the diffusion of SOFC (Solid Oxide Fuel Cell) 
cogeneration systems, of which the power conversion 
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efficiency is higher than other types of fuel cells. The region 
of interest is apartment buildings in the Kansai region, Japan 
in 2030. The annual sales of apartment buildings account for 
half of the entire housing sales in the Kansai region [8].  
2. A method for describing diffusion scenarios of 
decentralized energy systems in the residential sector 
2.1. Approach  
To analyze the regional environmental influences by the 
diffusion of decentralized energy systems in the residential 
sector, we describe the diffusion scenarios of the systems. As 
illustrated in Fig. 1, while scenario text assumes future social 
situations (e.g., demographics and lifestyles), the three models 
are used to analyze the diffusion of the systems as follows:  
 
x (i) Residential energy system evaluation model: evaluates 
various types of a residential energy system for each 
household in economic costs and CO2 emissions. 
x (ii) Product diffusion model: estimates the diffusion of the 
decentralized energy system based on the evaluation 
results of the model (i) and consumers’ preferences. 
x (iii) Aggregator: calculates regional environmental influences 
based on the results of the models (i) and (ii); by multiplying 
the diffusion of the decentralized energy system derived by 
the model (ii) and the CO2 emissions derived by the model (i). 
For running the model (ii), we conduct a questionnaire for 
identifying the consumers’ preferences of residential energy 
systems in economic costs and CO2 emissions.  
 
2.2. Residential energy system evaluation model 
The authors developed the residential energy system 
evaluation model [5], which models a residential energy 
system as the combination of five constituent elements, i.e., 
air-conditioning equipment, water heater, cooking stove, 
power-generating products (e.g., SOFC and photovoltaic (PV) 
systems), and other home appliances. We employ VMGSim 
[9] to analyze material balance and energy balance of a model. 
In this paper, we assume three representative types of 
residential energy systems for apartment buildings, which 
were developed in the previous study [5], as follows: 
 
x (a) BaU (Business as Usual) system: uses electricity from 
the electric power grid and uses natural gas for hot water 
supply and cooking stove. 
x (b) SOFC cogeneration system: uses electricity both from 
SOFC and the electric power grid and uses natural gas for 
hot water supply, cooking stoves, and SOFC. As described 
in Fig. 2, this system installs SOFC and PV as power-
generating products, solar water heater, and a desiccant air-
conditioner for using waste heat from SOFC. 
x (c) All-electrification system: uses only electricity for 
satisfying all service of the five elements.  
 
Table 1 shows the elements of the three systems and their 
performance in 2030 assumed in the case study (see Section 4). 
Other home appliances are the same in all the systems.  
 
Fig. 1. Approach to describing diffusion scenarios. 
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Fig. 2. Configuration of (b) SOFC system. 
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Table 1 Components of residential energy systems of interest [5]. 
System type Constituent elements and their performance in 2030 assumed in the case study 
(a)BaU y Air-conditioning Equipment: Air-conditioner (cooling & heating duty: 2.2kW, COP: 4.2-4.9) 
y Water heater: Gas water heater (maximum heating duty: 7.9kW, conversion efficiency: 95%HHV) 
y Cooking stove: Gas cooking stove (3.0kW×2) 
y Other home appliances 
(b)SOFC y Air-conditioning equipment: Desiccant ventilation system (ventilation capacity: 100m3/h), air-conditioner (cooling & heating duty: 
2.2kW, COP: 4.2-4.9) 
y Water heater: Gas water heater (maximum heating duty: 7.9kW, conversion efficiency: 95%HHV), solar water heater: (hot water 
flow: 25L/day/household, conversion efficiency: ~60%) 
y Cooking stove: Gas cooking stove (3.0kW×2) 
y Power-generating products: SOFC (rated output: 700W, power conversion efficiency: 50%HHV, total energy conversion 
efficiency: 80%HHV), PV (installed capacity: 0.5kW/household, conversion efficiency: 25%) 
y Other home appliances 
(c)All-
electrification 
y Air-conditioning Equipment: Air-conditioner (cooling & heating duty: 2.2kW, COP: 4.2-4.9) 
y Water heater: CO2 heat pump water heater (heating duty: 4.5kW, COP: 3.0-4.8) 
y Cooking stove: IH cooking stove (2.5kW×2) 
y Power-generating products: PV (0.7kW/household, conversion efficiency: 25%) 
y Other home appliances 
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2.3. Product diffusion model  
The product diffusion model [6] calculates long-term 
product diffusion by integrating the logistic curve model and 
the consumers’ preference model (see Fig. 3). The logistic 
curve model classifies potential buyers into innovators and 
imitators. While the innovators buy a new product on their 
own motive, the imitators do depending on the diffusion. 
Letting the maximum diffusion of the new product in a remote 
future, innovator coefficient, and imitator coefficient be Nsat, p, 
and r, respectively, the diffusion rate to Nsat at year t (n(t)) is 
given in the following differential equation: 
^ ` oHtHtntnrpdttdn /)())(1())((/)(    (1) 
The parameters of Nsat, p, r, are, in general, determined based 
on the past sales of the targeted new product or similar 
products. In Eq. (1), H(t)/H0 expresses the influence of 
consumers’ preferences on the diffusion of the new product. 
H(t) represents the rate of consumers i who have higher utility 
Ui for the new product compared with other competitive 
products, whereas H0 represents the value of H(t) at the initial 
year. The utility for a consumer i is expressed as: 
¦  
j
jiji swU   (2) 
where sj and wij represent the level of an attribute j that 
constitutes the utility Ui and the weighting factor of j for 
consumer i, respectively. The values of wij are determined 
based on the conjoint analysis of a questionnaire survey.  
Based on Eqs. (1) and (2), the cumulative diffusion of the 
new product at year t (S(t)) is estimated as: 
satNtntS  )()(  (3)
 
3. Questionnaire survey on consumers’ preferences for 
residential energy systems 
We carried out a questionnaire (1,017 samples) in the 
Kansai region to extract consumers’ preferences for residential 
energy systems. The respondents are those who will buy 
apartment houses in the future. Table 2 shows the results of 
the conjoint analysis from the questionnaire, which are used 
for identifying weighting factors wij in Eq. (2). We picked up 
three attributes (i.e., additional initial cost compared with (a) 
BaU system, reduction of monthly utility cost, and reduction 
of daily CO2 emissions) as the criteria to choose a residential 
energy system. Table 2  indicates that the utility difference of 
reducing additional initial cost by 1 million JPY equals to 
0.137 points, which is equivalent to the reduction of utility 
cost by 2,760 JPY/month or the reduction of daily CO2 
emissions by 2.70 kgCO2/day.  
Moreover, this questionnaire asked the respondents as to 
how much they are willing to pay for energy-saving products 
and within how many years they want to take back their 
investment. The results implied that those who will potentially 
buy an SOFC system amounted to 29.0% (=295/1,017) if we 
assume that, based on our estimation [5], the additional initial 
cost of the SOFC system is 750 thousand JPY or more and the 
cost payback time of the system is 5 years or longer.  
4. Case study: SOFC diffusion scenarios for apartment 
buildings in the Kansai region in 2030 
We describe SOFC diffusion scenarios in five steps (1)-(5) 
based on the approach in Fig. 1; i.e., (1) setting the problem of 
the scenarios, (2) assuming social situations, (3) evaluating 
residential energy systems with the model (i), (4) setting the 
parameters (Nsat, p, r) of the model (ii) to estimate the product 
diffusion, and (5) simulating SOFC diffusion with the model 
(ii), after which the regional CO2 emissions are calculated 
with the model (iii). Each step is explained in Sections 4.1-4.5. 
4.1. Problem settings 
We described several scenarios for analyzing the diffusion 
of SOFC for new apartment buildings in the Kansai region 
(population: 20.9 million, area: 27,335 km2) from 2013 to 
2030. We assumed that each consumer chooses one of the 
three systems (a)-(c) in Table 1 when they buy a new 
apartment house. For the sake of simplicity, we also assumed 
that only those who are currently using (a) BaU system are the 
potential buyers of (b) SOFC system; i.e., the consumers who 
are using the system (c) will never introduce the system (b). 
According to our questionnaire survey, the users of the system 
(c) in the Kansai region as of 2013 accounts for around 10%. 
4.2. Scenario assumptions regarding social situations 
We assumed different social situations in 2030 as plural 
scenarios. While there are a number of factors that might 
influence SOFC diffusion, one of the most critical factors is 
nuclear power policy on the national level. We thus described 
three scenarios that differ in the share of nuclear power from 
0-25% in 2030 as depicted in Table 3, most of which were 
based on the existing scenarios written by the Energy and 
Environment Council, Japan [12]. Note that, however, the 
H2G scheme from 2013-2030 is our own assumption; the 
electricity generated by PV (photovoltaic) systems can be sold 
 
Fig. 3. Concept of the product diffusion model. 
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Table 2 Conjoint analysis results from the questionnaire survey. 
Attribute j Weighting factor wij in Eq. (2) 
Mean value of 
respondents 
Unit 
Additional initial cost -0.000137 point/thousand  JPY 
Reduction of monthly 
utility cost 
0.0496 point /thousand  JPY 
Reduction of daily CO2 
emissions 
0.0507 point/kgCO2 
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at the price of 38 JPY/kWh from 2013-2030. Additionally, we 
assumed that the electricity from SOFC can also be sold at the 
same price of grid electricity for promoting SOFC diffusion, 
although this is currently prohibited in the Japan’s regulations.  
4.3. Evaluation results of residential energy systems 
The initial and utility costs and CO2 emissions of the 
systems (a)-(c) were evaluated based on the three scenarios 
and other external data, which includes meteorological data 
[14] and the conversion efficiencies of PV and SOFC [15][16] 
(see Table 4) to calculate power generations from households, 
and consumers’ behavior schedules [3][17] to estimate 
electricity and gas consumptions. Fig. 4 shows the mean 
monthly electricity and gas consumptions per household for 
each type of the systems in 2030. System (b) sends 157 
kWh/month of electricity from a household to the grid, while 
no surplus electricity arises from PV in system (c). The 
electricity consumption in the air-conditioning equipment in 
system (b) is less than systems (a) and (c) because system (b) 
introduces desiccant ventilation with the aim to utilize waste 
heat from SOFC. Calculated from Table 4 and Fig. 4, Table 5 
describes the evaluation results of systems (b) and (c) 
compared with (a) BaU system. For calculating CO2 emissions 
in systems (b) and (c), we considered CO2 reduction due to the 
power generation from PV and SOFC. Although there are 
several methods to calculate the reduction of CO2 emissions [19], 
we calculated the CO2 reduction by multiplying the CO2 intensity 
of grid electricity generation by the total amount of the electricity 
that is sent from PV and SOFC to the grid, assuming that the 
composition of electricity generation remains the same as the one 
in [12] even if SOFC and PV are diffused in the Kansai region.   
4.4. Setting the parameters of the product diffusion model 
4.4.1. Setting maximum diffusion (Nsat) 
In this case study, we set the value of Nsat as the cumulative 
sales of SOFC from 2013 to 2050 by assuming that SOFC 
sales will be saturated by 2050. Assuming that consumers may 
introduce SOFC only when they buy new apartment houses, 
Nsat depends on the number of apartment buildings that will be 
built in the future. According to the housing starts of new 
apartment buildings from 1970-2012 [8], there is an empirical 
correlation between the number of households x (thousand) 
and in-use stocks of apartment houses (thousand) y:  
 530,2480.0  xy  (4) 
Given Eq. (4), Fig. 5 illustrates the projection of the 
cumulative number of constructed and dismantled apartment 
houses from 1960-2050, under the condition that the number 
of household in the Kansai region in 2050 is x=6.7 million 
[10] and the mean lifetime of apartment buildings is 45 years 
[11]. Fig. 5 reveals that the cumulative number of newly 
constructed houses from 2013-2050 reaches 506 thousand.  
Since the potential buyers of SOFC account for 29.0% of 
all consumers (see Section 3), we assumed the following:  
 thousand147%0.29 thousand506  u satN  (5) 
4.4.2. Setting innovator and imitator coefficients (p and r) 
Because SOFC diffusion is still at a very initial stage as of 
2013, we estimated p and r of SOFC based on the historical 
sales of two similar products, i.e., (I) highly-efficient gas 
water heater and (II) CO2 heat pump water heater. As a result, 
the following values were obtained from regression analysis: 
x Case (I) highly-efficient gas water heater: p=0.00609, r=0.306 
x Case (II) CO2 heat pump water heater: p=0.0153, r=0.197  
 
Fig. 5. Projection of the number of apartment buildings in Kansai. 
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Fig. 4. Mean monthly energy consumption per household in 2030. 
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Table 3 Three energy scenarios depending on difference nuclear power development in 2030. 
Item (A) Zero Scenario (B) 15 Scenario (C) 25 Scenario Reference 
Share of nuclear power 0% 15% 25% Reference [12]. 
Composition of 
electricity generation 
All nuclear plants will be shut 
down, while more natural gas 
thermal plants and renewable 
energy will be introduced instead.  
No more nuclear power plants 
will be constructed. 
Nuclear power plants will be 
actively renewed and newly 
constructed, aiming to reduce 
CO2 emissions. 
Import prices of fossil 
fuels 
Prices of crude oil, coal, and natural gas will surge due to demand increase in emerging countries and 
depletion of fossil fuels. 
Sending electricity from 
House to Grid (H2G) 
The surplus electricity generated from households can be sent to the grid. The Japan’s feed-in-tariff scheme 
for renewable energy will be maintained, where the price of electricity generated by PV remains the same 
level from 2013 to 2030 (38 JPY/kWh)[13]. Furthermore, we assume that electricity generated from SOFC 
can be sent to the grid from 2013-2030 at the price of grid electricity, aiming to promote SOFC diffusion. 
Authors’ 
assumption. 
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4.5. Simulation results of SOFC diffusion 
Fig. 6 shows the results of SOFC diffusion that we 
calculated using Eqs. (1)-(3). The results reveal that the 
diffusion of SOFC in 2030 reaches 47-84 thousand (18-33% 
of the cumulative construction of new apartment houses) in 
case (I) and 58-86 thousand (23-33% of the same) in case (II). 
Here, the number of the cumulative construction of new 
apartment houses from 2013 to 2030 is 257 thousand.  
Focusing on case (I), the SOFC diffusion in 2030 in (A) 
Zero Scenario (84 thousand) is 35-37 thousand more than (B) 
15% Scenario (49 thousand) and (C) 25% Scenario (47 
thousand). This difference results from the difference in 
monthly utility cost. SOFC systems are diffused most in 
Scenario (A) because the grid electricity price is the highest of 
all the scenarios (see Table 4), thereby giving the most relative 
cost advantages to system (b) compared with systems (a) and 
(c). In contrast, the CO2 emission difference of system (b) 
between Scenarios (B) and (C) does not make a significant 
difference in SOFC diffusion. 
The comparison of cases (I) and (II) shows that the choice 
of similar products, which are used to set the values of p and r 
of the model (ii), has a smaller impact on SOFC diffusion than 
the difference among Scenarios (A)-(C). In Scenario (A), the 
SOFC diffusion in 2030 is 84 thousand in case (I) and 86 
thousand in case (II), making a difference of 2 thousand.  
Given the number of apartment houses in Kansai in 2030 is 
1.24 million [8][10], we calculated the CO2 difference due to 
SOFC diffusion. In case (II), the CO2 difference of Scenario 
(A) from the reference case (in which we assume no SOFC 
diffusion under the same condition of Scenario (A)) reaches -
 
(I) Highly-efficient gas water heater    (II) CO2 heat pump water heater 
Fig. 6. Simulation results of SOFC diffusion (Nsat=147 thousand). 
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Table 4 Simulation assumptions for evaluating residential energy systems by scenario. 
Item 
Value by scenario References 
2013 
2030 
(A) Zero 
Scenario 
(B) 15 
Scenario 
(C) 25 
Scenario 
Electricity conversion efficiency of 
SOFC (%HHV) 
42 50 50 50 The data in 2013 comes from product catalogues, while the 
data in 2030 is obtained from technology roadmaps [15][16]. 
Conversion efficiency of PV (%) 18 25 25 25  
Price of grid electricity (JPY/kWh) 26.3 38.1 35.6 35.6 The data in 2013 is obtained from power/gas company 
websites, while the data in 2030 is calculated based on the 
future fuel costs that are assumed in Reference [12]. 
Gas price (JPY/Nm3) 183 160 160 160 
CO2 intensity of grid electricity 
generation (kgCO2/kWh) 
0.514 0.454 0.394 0.366 The data in 2013 is obtained from power/gas company websites. 
The CO2 intensity of electricity generation in 2030 is calculated 
based on the energy mix in 2030 that is assumed in Reference 
[12], while we assume that the CO2 intensity of gas combustion 
remains the same from 2013-2030. 
CO2 intensity of gas combustion 
(kgCO2/Nm3) 
2.29 
Table 5 Evaluation results of residential energy systems per household by scenario. 
System Item 
Value by scenario References 
2013 
2030 
(A) Zero 
Scenario 
(B) 15 
Scenario 
(C) 25 
Scenario 
(b) SOFC  
System 
Additional initial cost compared 
with the BaU system (thousand JPY) 
3,280 840 840 840 Obtained from product catalogues. The prices of an 
SOFC unit and a PV system in 2030 are calculated 
based on References [15] and [16]. 
Utility cost difference from the BaU 
system (thousand JPY/month) 
-7.10 -12.1 -10.8 -10.8 Calculated by the residential energy system evaluation 
model. 
CO2 emission difference from the 
BaU system (kgCO2/day) 
-4.15 -4.09 -2.93 -2.40 
(c) All-
electrificati
on System 
Additional initial cost compared 
with the BaU system (thousand JPY) 
1,130 580 580 580 Obtained from product catalogues. The prices of a PV 
system and a heat pump water heater in 2030 are 
calculated based on References [16] and [18]. 
Utility cost difference from the BaU 
system (thousand JPY/month) 
-2.27 -3.74 -3.90 -3.90 Calculated by the residential energy system evaluation 
model. 
CO2 emission difference from the 
BaU system (kgCO2/day) 
-1.32 -1.95 -2.07 -2.12 
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351 tCO2/day, accounting for -2.8% of the mean daily CO2 
emissions. Likewise, the CO2 differences of Scenarios (B) and 
(C) are -173 tCO2/day and -139 tCO2/day, accounting for -
1.5% and -1.3% of the mean daily CO2 emissions, respectively. 
5. Discussion 
We described SOFC diffusion scenarios by combining 
assumed social situations and quantitative simulations using 
the three models, i.e., the residential energy system evaluation 
model, the product diffusion model, and the aggregator.  
The case study results revealed that the SOFC diffusion for 
apartment buildings in the Kansai region in 2030 reaches 47-
86 thousand (18-33% of the cumulative construction of new 
apartment houses) depending on the scenarios. It is shown that 
monthly utility cost has a much larger impact on SOFC 
diffusion than CO2 emissions. Moreover, the choice of the two 
similar products (i.e., highly-efficient gas water heater or CO2 
heat pump water heater) was a minor factor on the diffusion. 
As an attempt to verify the validity of the simulation results, 
we compare the SOFC diffusion in Fig. 6 with external 
literature as follows. The Japan’s Energy and Environment 
Council [20] set a target of the diffusion of residential fuel 
cells in Japan in 2030 at 5.3 million. When we assume that 
fuel cells can be installed only for newly constructed houses, 
this national-level target can be scaled down into the target for 
new apartment buildings in the Kansai region as: 
 thousand250%30%16million 3.5  uu  (6) 
where the number of the households in the Kansai region 
accounts for 16% of the whole country [10] and the number of 
new apartment houses accounts for 30% of all the sales of new 
houses [8]. A huge gap arises between the results in Fig. 6 
(47-86 thousand in 2030) and Eq. (6). The target (250 
thousand) seems difficult to achieve in the real world because 
it is almost equal to the number of the construction of new 
apartment houses from 2013 to 2030 (257 thousand). 
To further analyze the impact of other social factors on 
SOFC diffusion, we undertook what-if analysis of the 
described scenarios. When we assume that the additional 
initial cost will be decreased to 500 thousand JPY and the cost 
payback time of SOFC will be shortened to three years, the 
value of Nsat becomes 230 thousand (=506 thousandu 45.4%) 
because the potential buyers in this case accounts for 45.4% 
according to our questionnaire survey presented in Section 3. 
If Nsat=230 thousand, the number of diffused SOFC in 
Scenario (A) in case (II) reaches 135 thousand (53% of the 
cumulative construction of new apartment houses) in 2030, 
which is 1.6 times larger than the result when Nsat=147 
thousand (SOFC diffusion: 86 thousand). This indicates that 
the value of Nsat gives a large impact on SOFC diffusion, but 
there is still a challenge to approach the target in Eq. (6). 
6. Conclusion 
To analyze the environmental effects of diffusing 
decentralized energy systems, we described diffusion 
scenarios in the residential sector. For this purpose, we 
employed three models including the product diffusion model. 
In the case study, several diffusion scenarios of SOFC (Solid 
Oxide Fuel Cell) in the Kansai region were described. The 
results revealed that SOFC diffusion for apartment buildings 
reaches 47-86 thousand (18-33% of the cumulative 
construction of new apartment houses) in 2030 if the 
maximum diffusion Nsat is 147 thousand, where monthly 
utility cost has a larger impact on the diffusion than CO2 
emissions. Future work includes further what-if analyses of 
SOFC diffusion based on the described scenarios. 
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